Introduction
============

Transglutaminase 2 (TG2) is a calcium-dependent enzyme that catalyzes transamidation reactions between glutamine residues of proteins and lysine residues of proteins, polyamines or H~2~O, generating polyaminated, crosslinked or deamidated proteins.^[@bib1]^ These TG2-mediated covalent modifications alter the activity of a number of proteins, such as RhoA, IκBα and caspase 3, resulting in modulation of cell adhesion, cytokine production and cell survival.^[@bib2]^ TG2 is inactive under ordinary conditions, but is activated by oxidative stress provoked by tissue injury, inflammation or hypoxia.^[@bib2],\ [@bib3],\ [@bib4]^ Thus, aberrant TG2 activation has been demonstrated to be implicated in the development of various oxidative stress-related diseases, including cataracts, fibrosis and cancer.^[@bib1]^

Recently, a growing body of evidence has indicated that TG2 plays a critical role in triggering inflammation in several pathophysiological settings.^[@bib1],\ [@bib5]^ In patients with celiac disease, TG2 generates deamidated gluten peptides in the small intestine that bind to human leukocyte antigen (HLA)-DQ2 and HLA-DQ8, HLA alleles associated with celiac disease, with a high affinity and then elicit strong T-cell activation that leads to intestinal inflammation.^[@bib6]^ In addition, autoantibodies reactive to TG2 are detected in the serum of celiac patients.^[@bib7]^ Analysis of autoantibodies revealed that new epitopes are exposed by self-crosslinking of TG2 with gluten peptide. The serum autoantibody levels are well correlated with the severity of celiac disease, suggesting that aberrant TG2 activation elicits gluten-induced inflammation. Moreover, in patients with cystic fibrosis, defective CFTR (cystic fibrosis transmembrane regulator protein)-mediated oxidative stress upregulates TG2 that crosslinks and sequesters peroxisome proliferator-activated receptor-γ, a negative regulator for inflammatory gene expression, leading to increased production of proinflammatory cytokines and initiation of inflammation.^[@bib8],\ [@bib9],\ [@bib10]^ Furthermore, in a mouse model of bleomycin-induced lung fibrosis, bleomycin-generated oxidative stress activates TG2 that in turn promotes interleukin (IL)-6 expression through activation of nuclear factor (NF)-κB in lung epithelial cells. A subsequent increase in IL-6 induces the differentiation of T helper type 17 (Th17) cells that amplify the inflammatory response via IL-17 secretion.^[@bib11]^ Thus, TG2-mediated antigenic modification and/or Th17 cell differentiation seem to be crucial events in the pathogenesis of oxidative stress or tissue injury-induced inflammatory diseases.

Inflammatory bowel disease (IBD), comprising Crohn\'s disease and ulcerative colitis, is an immune-mediated inflammatory disorder mainly affecting the small and large intestine.^[@bib12],\ [@bib13]^ It has been widely appreciated that polygenic predisposition combined with complex interactions among immune cells, intestinal epithelial cells and luminal substances, such as enteric bacteria and dietary antigens, significantly contribute to the etiology of gastrointestinal inflammation.^[@bib12],\ [@bib13]^ Thus far, genome-wide association studies have identified more than 160 loci containing IBD susceptibility genes.^[@bib14]^ Intriguingly, pathway analyses of these genes revealed a highly significant association between IBD and the IL-23 signaling pathway (IL23R, TYK2, JAK2, STAT3 and CCR6) as well as the NF-κB signaling pathway (REL, TNFAIP3 and NFKB1), emphasizing that Th17 cell differentiation is importantly implicated in triggering the intestinal inflammation of IBD.^[@bib15],\ [@bib16],\ [@bib17]^ Moreover, significantly high levels of TG2 autoantibody have been detected in the serum of Crohn\'s disease and ulcerative colitis patients,^[@bib18]^ indicating that TG2 might be activated in the inflamed intestine of IBD. Therefore, based on these observations, we hypothesized that aberrant TG2 activation might be involved in the pathogenesis of IBD by inducing Th17 cell differentiation.

Oral consumption of dextran sulfate sodium (DSS) in drinking water induces colitis in many experimental animals, including mouse, rat, guinea pig and hamster, resembling the clinical and histological features of IBD, particularly ulcerative colitis.^[@bib19]^ DSS is thought to induce colitis by damaging intestinal epithelial cells, leading to penetration of enteric commensal bacteria into epithelial cells that triggers intestinal inflammation,^[@bib20]^ and/or by directly activating dendritic cells.^[@bib21]^ The intensity of colitis depends on the concentration and duration of DSS administration, and can be mitigated by withdrawal of DSS from drinking water to mimic remission of IBD.^[@bib19]^ In this study, we thus investigated the role of TG2 in IBD pathogenesis using a mouse model of DSS-induced colitis. Our results show that administration of DSS activates TG2 in the mouse colon. However, contrary to our hypothesis, there was no significant difference in DSS-induced colitis between wild-type and TG2^−/−^ mice. Notably, with extended periods of DSS administration, TG2^−/−^ mice exhibit higher mortality rates than wild-type mice. Our results indicate that TG2 has no crucial role in acute DSS-induced colitis.

Materials and methods
=====================

Mice
----

C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). TG2^−/−^ mice were received from Dr Gerry Melino (University Tor Vergata, Rome, Italy)^[@bib22]^ and backcrossed with C57BL/6J mice for 12 generations. Mice were housed in a specific pathogen-free environment at the animal facility of Seoul National University College of Medicine (Seoul, South Korea). All animal experiments were conducted with the approval of the institutional animal care and use committee at Seoul National University (SNU-101220-6).

Induction of colitis by DSS
---------------------------

Wild-type and TG2^−/−^ mice were kept under a thermostatic and photoperiodic control (25 °C and 12:12 h light/dark cycle, respectively). They were provided access to gluten-free standard mouse chow and filtered tap water *ad libitum* for at least 14 days to adapt to these conditions before inclusion in the experiments. DSS (36 000--50 000 Da; MP Biomedicals, Santa Ana, CA, USA) was dissolved in autoclaved water (2 and 3.5% w/v). Colitis was induced by feeding 2 or 3.5% DSS for the indicated number of days to age- and sex-matched mice (aged 14 weeks) as described previously, and mean water consumption was monitored for each group.^[@bib23]^

For the survival study, the mice were checked each day for signs of morbidity, and their body weights were recorded. Mice were determined to be dead if they did not respond to a gentle touch with a platinum wire pick; they were immediately killed with CO~2~. The end points of the survival experiments were determined by the changes in body weight. Mice treated with 2% DSS for 7 days were killed by CO~2~ asphyxiation on day 21 when the body weight of mice from all the groups appeared to have recovered to the initial baseline value. Mice treated with 2% DSS for 8 days or 3.5% DSS for 6 days were killed on day 10 when mice from all the groups exhibited the maximum loss of body weight.

Immunohistochemistry on cryosections
------------------------------------

Mice were intraperitoneally injected with biotin-amido-pentylamine (100 mg kg^−1^). After 3 h, mice were killed by CO~2~ asphyxiation. The colons were harvested, embedded in Tissue-Tek OCT compound (Sakura Finetek Inc., Torrance, CA, USA) and snap-frozen in liquid nitrogen. Frozen sections (10 μm) were cut from OCT-embedded tissues and fixed in cold acetone for 10 min and dried in air for 1 h. The sections were blocked with H~2~O~2~ and subsequently treated with 10% goat serum at room temperature for 20 min. They were then incubated with anti-TG2 polyclonal antibody (Ab4, Thermo Fisher Scientific, Fremont, CA, USA) at 4 °C for 18 h, followed by staining TG2 protein with Alexa Fluor 488-conjugated goat anti-rabbit IgG (H+L) secondary antibody (Molecular Probes Inc., Eugene, OR, USA) in accordance with the manufacturer\'s instructions. Biotin-amido-pentylaminylated proteins were detected with Texas Red-conjugated streptavidin (Molecular Probes) to measure TG activity. The sections were mounted with fluorescent mounting medium (Dako North America Inc., Carpinteria, CA, USA) and observed using a FluoView 1000 confocal microscope (Olympus, Tokyo, Japan).

Gross and histopathological evaluation of colon
-----------------------------------------------

Mice were monitored for body weight, stool consistency, rectal bleeding, hunched posture and mortality every day or every other day during DSS treatment. After 5 or 10 days of DSS-water feeding, mice were killed with CO~2~. The entire colon from cecum to anus was dissected, and its length was measured. The colon was incised and flushed with cold phosphate-buffered saline to remove fecal material. Proximal and distal colons were fixed with 4% paraformaldehyde, embedded in paraffin and stained with hematoxylin and eosin for morphological evaluation as described previously.^[@bib23]^

Myeloperoxidase (MPO) assay
---------------------------

MPO activity was assessed to evaluate the extent of neutrophil infiltration into the inflamed colon. Colon specimens were homogenized with 20 volumes of 50 m[M]{.smallcaps} phosphate buffer (pH 6.0) containing 0.5% hexadecyltrimethyl ammonium bromide (Sigma-Aldrich, St Louis, MO, USA) using Precellys 24 (Bertin Technologies, Montigny-le-Bretonneux, France) and sonicated for 10 s. Homogenates were freeze-thawed three times, and then centrifuged for 15 min (14 000 *g*) at 4 °C. Supernatant (14 μl) was mixed with 1 μl of substrate solution (1 mg ml^−1^ ?-dianisidine hydrochloride and 0.0005% hydrogen peroxide; Sigma-Aldrich). The absorbance at 460 nm was monitored using a microplate spectrophotometer (Molecular Devices, Sunnyvale, CA, USA). One unit of MPO activity was defined as the absorbance change per min at 25 °C in the reaction with 1 μmol horseradish peroxidase.

*In vivo* intestinal permeability assay
---------------------------------------

*In vivo* permeability assays were performed using fluorescein isothiocyanate (FITC)--dextran as a permeability tracer, as described previously with slight modification.^[@bib23]^ Briefly, mice were housed without food and water for 4 h and then gavaged with FITC--dextran (0.6 g kg^−1^, molecular weight 3000--5000 Da; Sigma-Aldrich). After 4 h, mice were killed and blood samples were taken. Fluorescence intensity of serum was measured by using an Infinite M200 (excitation at 492 nm and emission at 525 nm; Tecan, Männedorf, Switzerland). FITC--dextran concentrations in serum were calculated from standard curves generated by serial dilution of FITC--dextran (0, 64, 320, 1600, 8000 and 40 000 ng ml^−1^).

Real-time PCR
-------------

Total RNA was extracted from the distal colon using TRIzol (Invitrogen, Carlsbad, CA, USA) and then reverse transcribed using SuperScript II Reverse Transcriptase (Invitrogen). Real-time PCR was performed with a KAPA SYBR FAST qPCR Kit (Kapabiosystems, Cape Town, South Africa) using a CFX96TM Real-Time system (Bio-Rad, Hercules, CA, USA). The following specific primers were used: 34B4, 5′-TCCAGGCTTTGGGCATCA-3′ (forward) and 5′-CTTTATCAGCTGCACATCACTCAGA-3′ (reverse); tumor necrosis factor-α (TNFα), 5′-AGGCTGCCCCGACTACGT-3′ (forward) and 5′-GACTTTCTCCTGGTATGAGATAGCAAA-3′ (reverse); interferon-γ (IFNγ), 5′-CAGCAACAGCAAGGCGAAA-3′ (forward) and 5′-CTGGACCTGTGGGTTGTTGAC-3′ (reverse); IL-1β, 5′-TCGCTCAGGGTCACAAGAAA-3′ (forward) and 5′-CATCAGAGGCAAGGAGGAAAAC-3′ (reverse); IL-6-ACAAGTCGGAGGCTTAATTACACAT-3′ (forward) and 5′-TGCCATTGCACAACTCTTTT-3′ (reverse); KC, 5′-CTTGAAGGTGTTGCCCTCAG-3′ (forward) and 5′-TGGGGACACCTTTTAGCATC-3′ (reverse); IL-10, 5′-GGTTGCCAAGCCTTATCGGA-3′ (forward) and 5′-ACCTGCTCCACTGCCTTGCT-3′ (reverse); IL-12, 5′-AGACCCTGCCCATTGAACTG-3′ (forward) and 5′-GAAGCTGGTGCTGTAGTTCTCATATTT-3′ (reverse);, 5′-GGCAAGGCTAACTGACCTGGAAAGG-3′ (forward) and 5′-ACAGCGAGGCACATCAGGTACGA-3′ (reverse).^[@bib23]^ mRNA expression levels were determined by the 2^−ΔΔCt^ method^[@bib24]^ and normalized or compared with 34B4 levels. The results are presented as relative fold change compared with control samples.

Statistical analysis
--------------------

*P-*values were calculated with Prism 5 software (GraphPad, San Diego, CA, USA) using two-way analysis of variance followed by Bonferroni post tests to compare individual means for body weight changes, colon length, MPO activity, FITC--dextran permeability and real-time PCR. *P-*values of the survival rate data were analyzed by using the log-rank test.

Results
=======

DSS induces and activates TG2 in mouse colon
--------------------------------------------

We first examined the effects of DSS administration on TG2 expression and activity in the colon. Wild-type and TG2^−/−^ mice were administered DSS for 5 days, and then treated intraperitoneally with biotinylated pentylamine. After killing of mice, cryosections of the colon were stained with an anti-TG2 antibody or Texas Red-conjugated streptavidin for determining TG2 protein levels or *in situ* TG activity, respectively. In wild-type mice not exposed to DSS, TG2 was majorly expressed in the lamina propria, muscularis mucosae and submucosa of the colon, and weakly expressed in columnar absorptive cells and goblet cells ([Figure 1](#fig1){ref-type="fig"}, no treatment, TG2^+/+^). However, no TG activity was detected in the colon of these mice. In contrast, treatment with 3.5% DSS for 5 days caused a substantial increase in the levels of TG2 protein compared with mice not exposed to DSS. Moreover, high TG activity was observed in the colon of DSS-treated mice. Intriguingly, columnar absorptive cells showed relatively high TG activity in spite of low levels of TG2 expression ([Figure 1](#fig1){ref-type="fig"}, 3.5% DSS, TG2^+/+^ and [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). As expected, in TG2^−/−^ mice treated with DSS, no TG2 protein or activity was detected, demonstrating that TG2 is the major TG isoenzyme expressed in the colon, and contributes to DSS-induced TG activity ([Figure 1](#fig1){ref-type="fig"}, 3.5% DSS, TG2^−/−^). These results indicate that DSS increases TG2 expression and activates TG2 in mouse colon.

TG2 is not required for the development of DSS-induced colitis in mouse
-----------------------------------------------------------------------

To test whether TG2 is involved in DSS-induced acute colitis, we compared the severity of colitis in wild-type mice with that of TG2^−/−^ mice by monitoring body weight after administration of 2% DSS in drinking water for 7 days. We observed that there were no significant differences in water intake, the extent of diarrhea and rectal bleeding between wild-type and TG2^−/−^ mice (data not shown). Body weight of both mouse groups decreased similarly from day 7 of DSS administration, to the lowest level at day 9, and then began to recover to the level of untreated mice ([Figure 2a](#fig2){ref-type="fig"}). Under these experimental conditions, there was no significant difference in survival rate between wild-type and TG2^−/−^ mice ([Figure 2b](#fig2){ref-type="fig"}). We then evaluated the effect of extending the period of DSS administration to 8 days or increasing the DSS concentration to 3.5% on the severity of colitis. In both experimental settings, however, there was no significant difference in body weight changes between wild-type and TG2^−/−^ mice ([Figure 2c](#fig2){ref-type="fig"}). In contrast, TG2^−/−^ mice showed significantly higher mortality rates under these conditions compared with wild-type mice ([Figure 2d](#fig2){ref-type="fig"}).

To confirm these results, we examined the colons of mice administered 2% DSS for 8 days or 3.5% DSS for 5 days. Colon length of both wild-type and TG2^−/−^ mice was significantly reduced to ∼65% and 85% of control mice by exposure to 2% and 3.5% DSS, respectively, but there was no difference in colon length between wild-type and TG2^−/−^ mice ([Figures 3a--c](#fig3){ref-type="fig"}). Histological analysis revealed that proximal and distal colons exposed to DSS showed a loss of crypts and extensive infiltration of immune cells throughout the mucosa. The inflammatory response was more pronounced in distal colon than proximal colon, but there was no significant difference in pathological features between wild-type and TG2^−/−^ mice ([Figures 4a and b](#fig4){ref-type="fig"}). These results indicate that TG2 is not involved in the pathogenesis of DSS-induced colitis, but is required for survival in inflammatory environments.

TG2 activation is not associated with epithelial barrier function
-----------------------------------------------------------------

TG2 is known to be involved in extracellular matrix formation by virtue of its protein crosslinking activity that contributes to epithelial barrier function.^[@bib25]^ In DSS-induced colitis, it has been suggested that the intestinal epithelial barrier is disrupted, thereby increasing penetration of enteric bacteria and inflammation.^[@bib20]^ Thus, we evaluated the epithelial barrier function of DSS-exposed wild-type and TG2^−/−^ mice by assaying the *in vivo* transepithelial permeability of the colon, as described previously.^[@bib23]^ FITC--dextran was administered to DSS-treated mice by intragastric gavage, and its concentration in serum was determined by fluorescence spectrometry. Levels of FITC--dextran in the serum of 2 or 3.5% DSS-treated mice were approximately five fold higher than those of control mice, but there was no significant difference in FITC--dextran levels between wild-type and TG2^−/−^ mice ([Figure 5a](#fig5){ref-type="fig"}). To further confirm these results, we quantified the extent of neutrophil infiltration into the mucosa by determining MPO activity in the colon. Administration of DSS significantly increased the levels of MPO activity in the distal colon of both wild-type and TG2^−/−^ mice, but no difference in MPO activity was observed between wild-type and TG2^−/−^ mice ([Figure 5b](#fig5){ref-type="fig"}). These results indicate that TG2 is not involved in the modulation of barrier function in response to DSS treatment.

TG2 modulates colon tissue-specific expression of inflammatory mediators
------------------------------------------------------------------------

TG2 plays a crucial role in eliciting an inflammatory response to tissue damage in a mouse model of bleomycin-induced lung fibrosis.^[@bib11]^ TG2-mediated IL-6 production in damaged lung epithelial cells induces Th17 cell differentiation, triggering inflammation through IL-17. In contrast, as shown in the results described above, TG2 is not required for an inflammatory response in the DSS-induced colitis model.

To obtain a possible explanation for the different role of TG2 in intestinal inflammation, we monitored the mRNA levels of inflammatory cytokines in the distal colon of mice administered 3.5% DSS using real-time PCR. DSS exposure markedly increased the expression of IL-6 at day 5, and its levels in TG2^−/−^ mice were significantly lower than those in wild-type mice ([Figure 6a](#fig6){ref-type="fig"}). In the same colon tissues, levels of IL-17A were increased at day 3 after DSS treatment in both mice, but significantly higher in TG2^−/−^ mice than wild-type mice ([Figure 6b](#fig6){ref-type="fig"}), whereas levels of IL-17F were similarly changed by DSS treatment in both mice ([Figure 6c](#fig6){ref-type="fig"}). Moreover, levels of RORγt, a master regulatory transcription factor in Th17 cells, were increased more obviously in TG2^−/−^ mice than wild-type mice at day 3 ([Figure 6d](#fig6){ref-type="fig"}). These results suggest that TG2 suppresses, rather than induces as in lung tissue, the differentiation of IL-17A-secreting Th17 cells or group 3 innate lymphoid cells in the mouse colon.

TNFα and keratinocyte chemoattractant (KC) are known to be inflammatory cytokine/chemokines associated with IBD.^[@bib26],\ [@bib27]^ Levels of both mediators were gradually increased during DSS treatment, and their levels in TG2^−/−^ mice were significantly higher than those in wild-type mice ([Figures 6e and f](#fig6){ref-type="fig"}). Paradoxically, expression levels of IL-10 in TG2^−/−^ mice, a well-known anti-inflammatory cytokine in IBD, were significantly higher than those in wild-type mice at day 3 ([Figure 6g](#fig6){ref-type="fig"}). In addition, DSS treatment increased the expression of IL-12 and IFNγ in both wild-type and TG2^−/−^ mice, but had no effect on IL-1β mRNA level ([Figures 6h--j](#fig6){ref-type="fig"}). Taken together, these results indicate that TG2 modulates the expression of inflammatory mediators in an intestine-specific manner in response to tissue damage.

Discussion
==========

TG2 has been reported to participate in the pathogenesis of various inflammatory diseases including lung fibrosis, cystic fibrosis, multiple sclerosis and sepsis.^[@bib1]^ However, the role of TG2 in IBD has remained elusive. In the present study, using TG2-deficient mice, we examined the role of TG2 in the process of DSS-induced acute colitis. Our results show that there were no significant differences between DSS-exposed wild-type and TG2^−/−^ mice in loss of body weight, shortening of colon, histological changes, immune cell infiltration or *in vivo* intestinal permeability. These results indicate that TG2 is not required for inducing acute colitis in DSS-administered mice.

It is widely appreciated that intracellular TG2 is inactive under normal conditions, but is activated by injury to the extracellular matrix or plasma membrane.^[@bib3]^ In the DSS-induced colitis model, DSS is known to be directly toxic to intestinal epithelial cells.^[@bib20]^ Thus, TG2 is considered to be activated by DSS-induced colon injury in mouse. However, our data demonstrate that there is no causal relationship between TG2 activity and DSS-induced intestinal inflammation, suggesting that TG2 activation might be a consequence, not a cause, of DSS-induced inflammation. Indeed, it has been reported that intracellular TG2 is also activated by treatment with polyinosinic:polycytidylic acid (poly(I:C)), an agonist for Toll-like receptor 3,^[@bib28]^ and that DSS treatment results in disruption of the mucosal barrier and increased mucosal permeability, thereby allowing enteric commensal bacteria to penetrate into the mucosa.^[@bib20]^ Therefore, bacterial components might initiate the inflammatory responses, but also concomitantly induce the activation of intracellular TG2, explaining TG2 activity-independent colon inflammation.

Interestingly, similar findings have been reported in a mouse model of poly(I:C)-induced enteropathy. Poly(I:C) treatment activates TG2 in villus tips of the small intestine, but TG2 activity is not correlated with severity of villous atrophy. However, in gliadin-sensitive NOD-DQ8 mice, TG2 is proposed to be responsible for dietary gliadin-induced exacerbation of poly(I:C)-triggered tissue damage in the small intestine,^[@bib28]^ suggesting that TG2 activity may be involved in the modulation of cellular responses to inflammatory cues. Thus, it is plausible that DSS-mediated enteropathy might be aggravated or alleviated by intestinal TG2 activity only under specific conditions.

Our results show that TG2^−/−^ mice are more susceptible to DSS treatment than wild-type mice. Previously, mixed results on the susceptibility of TG2^−/−^ mice to treatment with various agents have been reported. TG2^−/−^ mice are more resistant to lipopolysaccharide than wild-type mice,^[@bib10],\ [@bib29]^ whereas TG2^−/−^ mice are more susceptible to TNFα/actinomycin D, carbon tetrachloride and poly(I:C) than wild-type mice.^[@bib28],\ [@bib29],\ [@bib30]^ Although the mechanism underlying these differences in susceptibility is presently unclear, the type of target tissue and extent of systemic effects have been proposed to significantly contribute to the susceptibility. For example, lipopolysaccharide-triggered, TG2-mediated cytokine production in macrophages is thought to increase the mortality of wild-type mice, but not of TG2^−/−^ mice, by inducing systemic organ damage.^[@bib10],\ [@bib29]^ In the cases of carbon tetrachloride and TNFα/actinomycin D, it has been suggested that TG2 protects the liver from toxic effects rather than eliciting systemic inflammatory responses.^[@bib29],\ [@bib30]^ In contrast, in DSS-induced colitis and poly(I:C)-induced enteropathy, there is no significant difference in intestinal inflammation.^[@bib28]^ Thus, the susceptibility of TG2^−/−^ mice may depend on systemic toxic effects of these drugs.

DSS penetrates into the epithelial cell layer in the intestine in its intact form,^[@bib31]^ and is primarily eliminated by Kupffer cells in the liver and by auxiliary macrophages in the spleen through phagocytosis.^[@bib32]^ Because TG2-deficient macrophages showed a reduced capacity for phagocytic uptake of apoptotic cells,^[@bib33]^ as well as low levels of the gp91^phox^ subunit of the phagocytic NADPH oxidase (nicotinamide adenine dinucleotide phosphate-oxidase) that destroys invading bacteria, cell debris and foreign materials in neutrophils,^[@bib34]^ it is possible that DSS could not be efficiently removed but accumulated in the liver or spleen in TG2-deficient mice, resulting in DSS-induced liver or spleen tissue damage and increased mortality. Similarly, in the case of poly(I:C)-induced enteropathy, intraperitoneally administered poly(I:C) can be distributed systemically and induce tissue damage in the liver and brain, leading to increased mortality of TG2^−/−^ mice.^[@bib28],\ [@bib35],\ [@bib36]^ However, we could find no difference in the post-mortem histology of the liver, kidney, spleen, heart and colon of wild-type mice and TG2^−/−^ mice following DSS treatment ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). Thus, further studies are required for elucidating the cause of increased DSS-induced mortality in TG2^−/−^ mice.

The regulation of cytokine expression makes a critical contribution to inflammatory responses. TG2 has been reported to increase the expression of proinflammatory cytokines through activation of the NF-κB signaling pathway, including IL-6, TNFα, IFNγ, IL-17A and IL-17F in mouse models of lipopolysaccharide or TNFα/actinomycin D-induced sepsis and bleomycin-induced lung fibrosis.^[@bib10],\ [@bib11],\ [@bib29]^ Although expression levels of these cytokines in colon tissue are correlated with the severity of the DSS-triggered colitis,^[@bib22]^ our results show that TG2 upregulates IL-6, inhibits IL-17A or has no effect on IL-17F and IFNγ expression, indicating that TG2 differentially regulates cytokine expression in a tissue- or context-dependent manner.

Functionally, IL-6 is a proinflammatory cytokine, but it is also required for proliferation and survival of intestinal epithelial cells,^[@bib37]^ contributing to the regeneration of injured epithelial cells in DSS-induced mouse colitis as well as human IBD.^[@bib30],\ [@bib38],\ [@bib39]^ Thus, the high mortality rate of TG2^−/−^ mice may be attributed to lower expression levels of IL-6 compared with wild-type mice in response to DSS treatment. In addition, inconsistent with a previous report,^[@bib9]^ TG2 ablation enhanced the expression of IL-17A and RORγt despite low IL-6 levels, suggesting that IL-17A may play a different role in DSS-treated mice. Indeed, IL-17A has been reported to protect the gastrointestinal tract from injury by inducing genes that regulate mucosal barrier integrity, including claudins, proteins forming tight junctions.^[@bib40]^ In support of these results, IL-17A ablation led to aggravation of DSS-induced colitis and T cell transfer-induced colitis in mice.^[@bib41],\ [@bib42],\ [@bib43]^ Treatment with secukinumab, an IL-17A-specific blocking antibody, exacerbates Crohn\'s disease.^[@bib44]^ Moreover, it should be noted that TG2 ablation also enhanced the expression of IL-10, an anti-inflammatory cytokine for colitis in mice and humans.^[@bib45],\ [@bib46],\ [@bib47],\ [@bib48]^ However, our data showed no difference in intestinal permeability and severity of inflammation between wild-type and TG2^−/−^ mice. Hence, further investigation is required to ascertain the role of TG2-mediated inhibition of IL-17A and IL-10 in maintaining the intestinal epithelial barrier.

The enzymatic activity of TG2 is known to play a crucial role in eliciting an aberrant inflammatory response to dietary gluten peptide by deamidation and producing TG2 autoantibody in celiac disease.^[@bib6]^ In contrast, our data demonstrate that intestinal TG2 is activated by DSS treatment, but is not involved in the tissue damage-induced inflammation. Thus, it will be worthwhile to investigate whether DSS treatment increases the level of TG2 autoantibody in the serum or the disease severity in the mouse model of celiac disease. This information might be important for understanding the exact role of TG2 in the pathogenesis of gluten-induced inflammation and developing therapeutics for celiac disease.
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![Transglutaminase 2 (TG2) expression and *in vivo* activity in colon from dextran sulfate sodium (DSS)-treated mice. Wild-type (WT) and TG2^−/−^ mice were treated with 3.5% DSS in drinking water for 5 days, and were intraperitoneally injected with biotin-amido-pentylamine (100 mg kg^−1^). After 3 h, mice were killed. Cryosections of colon were stained with anti-TG2 antibody, Texas Red-conjugated streptavidin and DAPI for TG2 protein, TG activity and nucleus detection, respectively. Data are representative of three experiments. CA, columnar absorptive cells; DAPI, 4\',6-diamidino-2-phenylindole; DIC, differential interference contrast; G, goblet cells; LP, lamina propria; M, mucosa; MM, muscularis mucosae; NT, no treatment; SM, submucosa.](emm201695f1){#fig1}

![Effects of dextran sulfate sodium (DSS) treatment on body weight and survival of wild-type (WT) and transglutaminase 2-deficient (TG2^−/−^) mice. (**a**, **b**) WT and TG2^−/−^ mice (14-week-old females) were fed *ad libitum* water containing 0% (*n*=2) and 2% (*n*=8) DSS for 7 days. (**c**, **d**) Age- and sex-matched WT and TG2^−/−^ mice were fed *ad libitum* water containing 2% (*n*=14) and 3.5% (*n*=15) DSS for 8 and 6 days, respectively, or plain water (*n*=6). (**a**, **c**) Body weight was analyzed in the mice survived at the indicated time points and the value expressed as percentage of weight on the day of first exposure to DSS is plotted against time. Data are presented as the mean±s.e.m. Overall *P-*values analyzed using two-way analysis of variance (ANOVA) are shown at the right; individual Bonferroni post-test results are shown above the line profiles. (**b**, **d**) Survival curves of WT and TG2^−/−^ mice are depicted against time. The *P-*values were calculated using the log-rank test. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001; NS, not significant.](emm201695f2){#fig2}

![Gross changes of colon from dextran sulfate sodium (DSS)-treated wild-type (WT) and transglutaminase 2-deficient (TG2^−/−^) mice. (**a**, **b**) Age- and sex-matched wild-type and TG2^−/−^ mice were treated with 2% DSS water for 8 days and water for an additional 2 days (**a**) or 3.5% DSS water for 5 days (**b**). After mice were killed, colons were separated and photographed (*n*=4 for each group). (**c**) Length of colon was measured in the survived mice and graphed as the mean±s.e.m. values. Overall *P-*values analyzed using two-way analysis of variance (ANOVA) are shown; individual Bonferroni post-test results are shown above the columns. \*\*\**P*\<0.001; NS, not significant; NT, no treatment.](emm201695f3){#fig3}

![Histopathological changes of colon from dextran sulfate sodium (DSS)-treated wild-type (WT) and transglutaminase 2-deficient (TG2^−/−^) mice. Age- and sex-matched WT and TG2^−/−^ mice were treated with 2% DSS water for 8 days and water for an additional 2 days or 3.5% DSS water for 5 days. Representative hematoxylin and eosin-stained sections of distal colon (**a**) and proximal colon (**b**) from DSS-treated mice. Data are representative of three experiments; NT, no treatment.](emm201695f4){#fig4}

![*In vivo* intestinal permeability and myeloperoxidase activity in colon of dextran sulfate sodium (DSS)-treated wild-type (WT) and tansglutaminase 2-deficient (TG2^−/−^) mice. Age- and sex-matched WT and TG2^−/−^ mice were administered 2% DSS water for 7 days and water for an additional 3 days or 3.5% DSS water for 5 days. (**a**) Mice were gavaged with fluorescein isothiocyanate (FITC)--dextran (60 mg per 100 g of body weight), and serum FITC--dextran levels were quantified and graphed as the mean and s.d. values for each group (*n*=3 for each group). (**b**) Mice were killed, and myeloperoxidase activity was measured in distal colons. The activity was graphed as the mean±s.e.m. values for each group (*n*=3 for each group). Data are representative of at least two experiments. Overall *P-*values analyzed using two-way analysis of variance (ANOVA) are shown; individual Bonferroni post-test results are shown above the columns. \*\*\**P*\<0.001; NS, not significant.](emm201695f5){#fig5}

![Comparison of expression levels of inflammatory mediators in colon between dextran sulfate sodium (DSS)-treated wild-type (WT) and transglutaminase 2-deficient (TG2^−/−^) mice. WT and TG2^−/−^ mice were treated with 3.5% DSS water for 3 or 5 days. Total RNA was prepared from distal colon and reverse transcribed. Using real-time PCR, relative mRNA levels of (**a**) interleukin (IL)-6, (**b**) IL-17A, (**c**) IL-17F, (**d**) retinoic acid receptor-related orphan receptor-γt (RORγt), (**e**) tumor necrosis factor-α (TNFα), (**f**) keratinocyte chemoattractant (KC), (**g**) IL-10, (**h**) IL-12, (**i**) interferon-γ (IFNγ) and (**j**) IL-1β were determined and graphed as the mean±s.e.m. values for each group. Data are representative of at least two experiments. Overall *P-*values analyzed using two-way analysis of variance (ANOVA) are shown; individual Bonferroni post-test results are shown above the columns (*n*=3 for each group). \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001; NS, not significant.](emm201695f6){#fig6}
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